All chemicals that are not normal constituents of human milk should be considered undesirable contaminants. In the present review, the following substances detected in human milk are considered: persistent organochlorine pesticides; polychlorinated biphenyls (PCB); polychlorinated dibenzodioxins (PCDD) and dibenzofurans (PCDF); polybrominated compounds; polycyclic aromatic hydrocarbons (PAH); trace elements; mycotoxins; nitrate, nitrite, nitrosamines; nicotine, caffeine, ethanol; and drugs. The levels of most of these substances found in human milk were within a range that would not constitute health hazards for breast-fed infants. For many ofthese, there is a comfortable safety margin. This applies also to organochlorine pesticides and PCB, particularly since, as a result of their discontinued use, the levels of these compounds have clearly declined in recent years. On the other hand, the aflatoxin burden mediated through breast milk, at least in certain tropical countries, appears to pose a definite health hazard. Detailed reference are given on the contamination of human milk with PCDD/PCDF which has to be considered as a matter of concern from the viewpoint of preventive public health. Although the low PCDD/PCDF levels found in the adipose tissue of infants indicate that there is no appreciable health risk emanating from these substances for breast-fed infants, appropriate measures to reduce the current rate of their emission into the environment have to be taken.
Introduction
In recent years, the benefits of breast-feeding have increasingly been recognized. This has resulted in an increase in the frequency and duration ofbreast-feeding in many countries. At the same time, however, many chemicals have been detected in breast milk by means of analytical methods requiring, in part, sophisticated technical equipment. These residues have given rise to concern in some cases. In principle, each substance that is not naturally present in breast milk or whose concentrations are above the normal levels is considered a contaminant. In some cases such a differentiation is relatively difficult because the composition ofbreast milk is not consistent (1) . Apart from analytical problems of precisely determining traces of chemicals, there are both physiological and n(,nphysiological factors influencing the composition and thus the concentration of the chemicals in human milk.
Despite these limitations, the substances listed in Table  1 should be included in a comprehensive consideration of the chemicals in breast milk (2) . Moreover, it is to bp expected that in the future other chemicals will 'Max von Pettenkofer-Institut des Bundesgesundheitsamtes, Postfach 33 00 13, D-1000 Berlin 33 , Germany.
This manuscript was presented at the Conference on the Impact of the Environment on Reproductive Health that was held 30 October 1991 in Copenhagen, Denmark. detected in human milk. The relation between concentrations and the toxic effects continues to be the decisive factor in the evaluation of health risks of any chemicals.
In this short overview, it is not possible to cover the high number of communications on this item. A more comprehensive review on chemical contaminants in human milk was published in 1990 by Jensen and Slorach (3) .
Transfer of Chemicals into Breast Milk
Exposure of the mother to chemicals is a condition sine qua non for their transfer to breast milk. In most cases, the intake from food is the main route of exposure, whereas the inhalatory and dermal routes are of minor importance. The importance of substances with short halflives is limited to their intake during the period of breast feeding. Substances with long half-lives, however, are stored from infancy in a depot in the mother's body, which leads to the corresponding concentrations in her blood.
The transfer of chemicals to breast milk depends on their concentrations in the serum of the mother and on their pharmacological properties. Apart from their pH value, molecular weight and capacity of binding to plasma proteins, their lipophilic properties are the most important factors. Nonpolar lipophilic compounds easily pass through the membranes that form a barrier between blood and mammary gland cells and establish an equilibrium between blood fat and milk fat. The substances accumulating in the food chain due to their high persistence in the environment and their lipophilic properties are of major importance. Humans constantly ingest such compounds because humans are the final link of the food chain. These chemicals are, in part, difficult to metabolize and therefore have long half-lives in humans. Chemicals are stored in the body fat, which is in equilibrium with blood fat. The best-known compounds in this group of substances are the persistent organochlorine pesticides as well as the polychlorinated biphenyls, dibenzodioxins, and dibenzofurans.
Persistent Organochlorine Pesticides
About 50 years ago, a number of organochlorine compounds was discovered which was insecticidal and thus used for purposes of plant protection and pest control in large amounts. DDT is the best-known representative of this group. As early as 1951, DDT was found to be present in human milk in considerable concentrations (4) . Its metabolite, DDE, is characterized by a long half-life. This group also includes the isomers of hexachlorocyclohexane (HCH). Of these, ,B-HCH is particularly noteworthy because of its extended half-life in the human body. Other representatives are hexachlorobenzene (HCB) and a number of polychlorinated cyclodienes such as heptachlor epoxide, chlordane, and dieldrin. Because of their persistence and accumulation in the food chain, these substances were banned in many countries about 20 years ago.
There are numerous studies in which the presence of organochlorine pesticides in human milk has been demonstrated worldwide (3). In the former Federal Republic of Germany, systematic studies to evaluate the levels ofthese substances in human milk were performed in 1984 by a commission of Deutsche Forschungsgemeinschaft (2) . As an example, analytical results of that study from two laboratories have been listed in Table 2 .
Meanwhile, the bans have resulted in a considerable reduction of the levels of these substances in human milk, as illustrated by the data in Table 3 . In contrast, studies from the former East Germany reveal that up to the present, DDT levels have been clearly higher because the use of DDT in plant protection was continued in that territory. For this reason, attention must be drawn to the 1.90 fact that in countries lacking strict bans on the use of the organochlorine pesticides, levels of these substances may still be present in human milk that are considerably higher than those in the Federal Republic of Germany.
Polychlorinated Biphenyls
Due to their high persistence and dielectric properties, polychlorinated biphenyls (PCBs) have been widely used in electric devices (transformers and condensers), hydraulic oils, additives for paints and sealing materials, etc. Particularly as a result of uncontrolled disposal, these substances have also been introduced into the environment, accumulated in the food chain, and resulted in an exposure of the entire population.
In 1970, PCBs were determined for the first time in human body fat and milk, with levels between 0.5 and 21 mg/kg fat [mean 3.3 mg/kg fat (8) ]. Examination of a major number of samples has even resulted in a mean level of 8.3 mg PCB/kg fat (9) .
Unfortunately, quantitative analysis of PCB was difficult because the technical products consist of about 150 individual components and only some of them are present in human milk. Thus, the use of technical products as a standard and reference, which was common in former times, has led to higher levels that frequently cannot be compared (10 (11) . In the meantime, this procedure has also been approved in other countries and in international intercomparison studies. aSee Table 2 .
Particularly, the congeners PCB-138, 153, and 180 accumulate in breast milk due to their long half-lifes. The sum of these three congeners accounts for about 60% of the total PCB content (12) . Recent studies carried out in the former Federal Republic of Germany have also shown a gradual decrease of PCB content in human milk that is, however, only recognizable when longer periods are taken into consideration. The average content in the 1979-1981 period had decreased to 1.8 mg PCB/kg fat (2), but this was still elevated, and a further decrease has subsequently occurred to the present levels of about 1 mg/kg fat (6, 7) . In contrast to this decreasing trend in the industrialized countries, high concentrations (up to 14.7 mg/kg fat PCB, calculated as Aroclor 1260) have been determined in the breast milk of Inuit women, who have a high consumption of fish and sea mammals (13) .
Due to their high toxicity, the coplanar PCB congeners with four to six chlorine atoms (PCB-77, 126 and 169) are of particular importance; for example, PCB-77 is isosteric with 2,3,7,8-TCDD (14) . Because PCB-77 is present in very low concentrations, the determination of this compound has been possible for only a few years. In studies performed at the Federal Health Office of Germany, mean concentrations of22 pg/g fat were measured for PCB-77 in breast milk (15) . PCB-126 and PCB-169 levels were not determined precisely. However, they have been estimated at about 80 and 40 pg/g milk fat, respectively, in accordance with the data obtained from the literature (16) .
Polychlorinated Dibenzodioxins and Dibenzofurans
The ubiquitous distribution of polychlorinated dibenzodioxins (PCDDs) and polychlorinated dibenzofurans (PCDF) has become known only within the last few years. The presence ofthese substances also indicates that chemicals that have never been produced as such, but that develop only in extremely small concentrations in almost any combustion processes or in a few chemical procedures, are relevant contaminants in human milk.
In 1984, Rappe (17) examined five human milk samples from Germany for PCDD/PCDF for the first time. Since then, more than 1500 human milk samples have been analyzed in the Federal Republic of Germany, so it is now possible to make representative statements on the levels of these substances. The results obtained from 728 samples in 3 laboratories are presented in Table 4 (18) .
In all samples, only 15 compounds containing chlorine atoms in positions 2,3,7, and 8 out of a total of 210 PCDD/ PCDF congeners were found. This means that in this substance group, the congeners with the highest toxicity also show the highest accumulation. It is striking that the contamination of the samples is rather homogeneous, which is reflected by both the high correlations between the individual congeners (19) and the small range between minimum and maximum, which is commonly 1 log only. By analyzing foods, it could be shown that the main route of exposure of the mothers to dioxin is from food, in particular foods of animal origin (20, 21) . The levels of 2,3,7,8-TCDD are between 0.5 and 10 pg/g fat (mean level 3.2 pg/g). If the toxicity of the congeners is summarized in the form of the so-called international toxicity equivalents (TEq), a range of5.6-87.1 pg TEq/g fat is obtained, with a mean level of 30.6 pg/g. The frequency distribution of these data ( Fig. 1 ) is characterized by a lognormal distribution.
Differences between rural and urban regions within Germany are not recognizable (22, 23) . In a field study coordinated by the World Health Organization (24) , it has been shown that in the more industrialized countries, PCDD/ PCDF concentrations are roughly in the same range. In the developing countries, levels are lower (Table 5 ).
There was an obvious decrease of the dioxin levels in human milk with an increasing number of nursing periods (26) : at the time of the second nursing period, the mean decrease of TEq concentrations was 22% and when the third child was nursed, 43%. Within the nursing period, a decrease of the dioxin level (TEq) by 15% was measured after 6 weeks and by 25% after 12 weeks (26, 27 (29) . In Germany, levels of about 2 ng PBB/g fat were found to be present in human milk (30 (2) and data from a World Health Organization (WHO) study published in 1988 (31) . Reproduced from the latter study are the minimum, maximum, and median values established in the field study for selected elements; a median value from the literature given in that study; and proposed "normal" levels. With regard to some elements, the differences may be due to geochemical variations. In other cases, exposure of the mother may have been of a different type (e.g., to mercury from consumption of fish, to cadmium from smoking, to lead from motor vehicle exhausts). It would seem, however, that in many cases, such discrepancies can be attributed to poor analytic quality.
It is hardly possible to derive generally valid standard concentration ranges for these elements. In corresponding studies, it was found that the levels of essential trace elements in human milk could not be directly influenced by the diet of the nursing mothers (32) . On the other hand, the levels in human milk published in the WHO study have demonstrated that the elevated levels of arsenic, lead, cadmium and mercury can be attributed to an elevated intake of the elements through food over long periods. In a study conducted in Berlin (33) , it was shown that the use of a mercury-containing disinfectant (Merfen) had not resulted in elevated mercury levels in human milk.
Mycotoxins
Mycotoxins are usually highly toxic metabolic products of molds. The most prominent representatives of this group, of which about 150 compounds are known so far, include the carcinogenic aflatoxins. Aflatoxins are frequently found as contaminants in foods and feeds (cereals, nuts, etc.). Since in mammals, 1-3% of aflatoxin B1 is metabolized to aflatoxin M1 which is excreted in milk, this aflatoxin might also be present in human milk. However, in a study conducted in Kiel, Germany (2) , in which 120 human milk samples were examined, no aflatoxin M1 was found (detection limit 0. 3 ng/kg). On Nitrates, Nitrites, and Nitrosamines
Nitrate is one of the natural components of human milk measured at concentrations of 1-3 mg/kg. In contrast, nitrites could not normally be detected in human milk as a rule, whereas levels of up to 1.2 mg/kg were detected in human milk samples containing bacteria (2) .
Nitrosamines may develop in the reaction of secondary amines with nitrite. Because a series of nitrosamines are carcinogenic, human milk was also examined for nitrosamines (2) . Unfortunately, the analysis of these compounds is rather difficult, so the sensitivity of the detection methods is not high enough. At a detection limit of 0.4 ng/g, nitrosamines could not be found in any sample.
Nicotine, Ethanol, and Caffeine When discussing the presence of chemicals in human milk, it should always be taken into consideration that stimulants may pass from the blood of the mother into milk. Due to the relatively high milk/plasma quotient of approximately 3, nicotine may even reach higher levels in milk than in the blood of the mother, whereas this quotient is much lower (0.78) for cotinine (37) . Ekstroem and Gustavsson (38) found levels of up to 95 ng/mL nicotine in breast milk from smokers. Concentrations from 0.2 to 1.6 ng/mL nicotine and from 5 to 30 ng/mL cotinine were detected in serum of nurslings from smoking mothers (39) and concentrations of up to 140 ng/mL cotinine were found in the urine of these nurslings (40) . The direct inhalation of tobacco smoke by the infant, however, has to be viewed in a more critical way than the transfer via breast milk.
As the milk/plasma quotient for ethanol is 1, drinking alcohol by nursing mothers leads to an ingestion of ethanol by breast-fed infants. It was shown that even short-term alcohol consumption by mothers has an effect on the flavor of their milk and the feeding and sleeping behavior oftheir infants (41) . After consumption of higher doses than 1 g ethanol/kg, a significant reduction in the milk ejection was observed (42) .
As a distribution coefficient of 0.78 between milk and plasma has been reported for caffeine (2) , this compound may also occur in breast milk and in serum of breast-fed infants (43, 44) . Nevertheless, no significant effect of caffeine exposure on heart rate and sleep time of the infants was found (45) .
Drugs
It is a well-known fact that numerous drugs may enter human milk in concentrations that are a potential risk to the infant. Since there is a great variety of compounds, this substance group cannot be treated in detail in this review.
Health Evaluation
As has been shown, numerous chemicals may occur in breast milk. Because these substances are, in principle, undesirable in human milk, appropriate measures should be taken to prevent or at least minimize such contamination. The easiest way to achieve this would be to reduce the contamination associated with stimulants, as the behavior of the mother is the decisive factor. As for drugs, the possible introduction into human milk should be attributed greater importance (46) . This does not only apply to overthe-counter drugs but also to those prescribed during the nursing period.
The levels of nitrite and nitrosamines are of no importance at the present time. By establishing limit values for nitrates (e.g., in drinking water and some foods) an increase of the nitrate level in human milk may also be prevented.
There are not enough data available to evaluate the mycotoxin levels in human milk, especially since it is not known which other mycotoxins besides aflatoxins and ochratoxin A may pass into the milk. An increased intake of aflatoxins has been prevented in many countries by establishing and controlling maximum limits for aflatoxins in foods and feeds. The fact that aflatoxins have been detected in human milk samples from tropical countries with high frequency and in concentrations ofup to 8218 ng/ mL is a matter of concern with regard to the possible consequences of this exposure for the infants.
For a series of chemicals, limit values were set by the Food and Agricultural Organization (FAO) and WHO for an acceptable daily intake (ADI) and a tolerable daily intake (TDI). These limits, however, serve the purpose of preventive health care and have been defined for a life-long daily intake of the substances, taking into account corresponding safety factors. It is not possible to apply these to a comparably short nursing period because a period of 6 months accounts for less than 1% of the normal life expectancy. If the daily intake of a substance during the nursing period is within the ADI or TDI range, a risk for the infant can be reliably excluded. Exceeding this level during the nursing period does not automatically involve a health risk because, for a risk estimation, other models would have to be used. However, for precautionary reasons, suitable measures in this field should be demanded to reduce the levels of these chemicals in human milk.
If the TDI levels set for a number of trace elements (47) are compared with the intake of these elements from breast milk (31) , it is seen that only in single samples from certain countries have TDI levels for arsenic, mercury, and cadmium been exceeded, or, in the case of lead, the levels have almost been reached. It is thus possible to exclude a health risk for breast-fed infants even at the concentrations found. However, in the interest of preventive health care, the reasons for such elevated burden should be examined in more detail. With regard to mercury, a differentiation should be made between methyl mercury and inorganic mercury because a considerable part of the mercury intake is in the form of methyl mercury if fish is consumed in large quantities.
The intake of polycyclic aromatic hydrocarbons should be evaluated with more caution because this group of substances includes initiating as well as promoting carcinogens. It is thus impossible to set a TDI value for such a variety of substances. From the above-mentioned mean level of 6.5 ng/kg benzo[a]pyrene, an intake of this substance of 1 ng/kg body weight/day can be calculated for an infant weighing 5 kg and fed 800 mL of breast milk. At this dose, a risk for the infant is not to be expected. There should be further studies to establish representative data.
The levels of polybrominated biphenyls in "non-contaminated" human milk samples are of no health relevance. Although no data are available, the same may be expected with regard to the concentrations of polybrominated dibenzodioxins and dibenzofurans.
As a consequence of the ban of organochlorine pesticides in most countries, the levels in human milk have clearly declined. A risk for infants cannot be derived from the levels listed in Table 3 , so a reduction of breast-feeding after a period of 4 months as recommended in a communication by a commission of Deutsche Forschungsgemeinschaft (2) is not justified. The data available do not permit an assessment of the situation in the developing countries where, for example, DDT concentrations of up to 100 ppm have been measured in breast milk.
A TDI value for the PCB congener patterns found in breast milk has not been established. Considering a lifelong PCB intake, a tolerable dose of [1] [2] [3] ,ug/kg body weight/day has been used by the Federal Health Office of Germany. On the basis of PCB levels of about 1 ppm in breast milk, an intake of 4.8 pug/kg body weight/day is calculated for an infant of 5 kg fed an amount of 800 mL, thus only slightly exceeding the range mentioned above. From these levels a health risk for the infant cannot be derived, especially since PCB levels in human milk are also decreasing. However, a congener-specific evaluation of these substances is necessary taking into account, in particular, the coplanar and the mono-ortho-substituted PCBs. Further toxicological investigation of the relevant individual congeners is still lacking.
If the daily intake of dioxins is calculated from the PCDD/PCDF concentrations in breast milk (Table 4) , a mean intake of 147 pg TEq/kg body weight/day will result for the infant (Table 7) . Considering a life-long daily intake, the Federal Health Office of Germany has established a tolerable dose of 1-10 pg TCDD/kg body weight/day (48) . An expert group of the WHO Regional Office for Europe also has derived a TDI of 10 pg TCDD/kg body weight/ day (49) . This level is considerably surpassed during the nursing period of the infant. For reasons of preventive public health, the dioxin burden should therefore be considered as a matter of concern, and further measures to minimize dioxin introduction into the environment should be taken.
As has been explained before, a comparison with the TDI value does not seem to be sensible in assessing the risk. A risk assessment made by WHO (50) shows that the total dioxin intake during a nursing period of 6 months is only about 4% of the dioxin ingested during a life span of 70 years. At the same time it is emphasized that only about 50% of the PCDD/PCDF contained in breast milk is taken up by the infant.
A comparison of the concentrations in the human body (and in the target organs) with those that do not have an adverse effect in exposed persons or in animal experiments (no-observed-adverse-effect concentrations) seems to be better suited for the risk assessment of accumulating substances.
It has been concluded from pharmacological models that there could be a 2-to 3-fold increase of the dioxin concentrations in the breast-fed infant as compared to those present in human milk. In investigations performed in rhesus monkeys (51) , an increase in dioxin concentration up to four times the concentration in breast milk was found. In order to determine the true burden, samples from German infants who died from the sudden infant death syndrome were examined by the Federal Health Office (52) . Even infants who had been breast-fed for 3 months showed low levels of dioxins (6.6 and 8.4 pg TEq/g fat). Thus, the levels were lower than the mean levels in breast milk and, moreover, only slightly higher than levels found in bottle-fed babies.
In view of such low dioxin concentrations in the body of infants, no risk to their health is to be expected in the opinion of both the Federal Health Office and WHO (50) . So far, no study has been published that would have proved adverse effects on the health of infants caused by dioxin contained in breast milk. For further confirmation of this evaluation, however, investigations into the distribution of PCDD/PCDF in the human body and into the toxicology of these substances will be necessary.
